Plain Language Summary {#S0001}
======================

Linagliptin is a dipeptidyl peptidase-4 inhibitor that suppresses inflammation. We previously reported that linagliptin prevents inflammation in human umbilical vein endothelial cells and human U937 monocytes in vitro. However, the mechanisms mediating the anti-inflammatory effects of linagliptin are unclear. In this study, we aimed to determine the anti-inflammatory mechanisms of linagliptin in an experimental model in which Lipopolysaccharide (LPS)-binding protein (LBP) was added to the medium. Our results showed that linagliptin significantly prevented LPS-stimulated Interleukin-6 production and intranuclear factor-κB/p65 levels in a concentration-dependent manner. In contrast, the effects of linagliptin on LPS-induced intracellular reactive oxygen species levels were not concentration-dependent. Moreover, LBP levels did not change following administration of linagliptin and/or LPS. Overall, these findings suggested that linagliptin induced two different mechanisms repressing inflammation, i.e., Toll-like receptor 4-dependent and -independent mechanisms. Our findings provide insights into the mechanisms of action of the inhibitor linagliptin and may establish a basis for future studies on the applications of this compound.

Introduction {#S0002}
============

Dipeptidyl peptidase-4 (DPP-4) inhibitors, which activate glucagon-like peptide-1, are antidiabetic drugs.[@CIT0001] Linagliptin is a unique DPP-4 inhibitor that is excreted in the bile. Despite decreased renal function, decreasing the dose of linagliptin is typically unnecessary.[@CIT0002]--[@CIT0004] We previously reported that linagliptin prevents inflammation in human umbilical vein endothelial cells and human U937 monocytes in vitro. However, the inhibitory effects of inflammation by linagliptin are not concentration-dependent.[@CIT0005],[@CIT0006]

Lipopolysaccharide (LPS) is a common molecule used to induce inflammation.[@CIT0005]--[@CIT0007] LPS binds to the complex of Toll-like receptor (TLR) 4 and LPS-binding protein (LBP) and binds to receptors other than TLR4, even without LBP.[@CIT0008]--[@CIT0011] Therefore, the pro-inflammatory mechanisms induced by LPS change in the presence or absence of LBP in vitro. Moreover, because LBP synthesized in the liver exists in the serum, these mechanisms may also change depending on the presence or absence of fetal bovine serum (FBS) in vitro. In our previous study, the pro-inflammatory effects of LPS were induced via a mechanism other than the binding to TLR4 in the absence of FBS; thus, linagliptin may have suppressed inflammation via a mechanism other than its binding to TLR4.[@CIT0007] However, no experimental models including FBS in the medium have been used to report the effects of linagliptin on inflammation induced by LPS through TLR4. It is important to examine anti-inflammatory effects of linagliptin from the perspective of LPS-induced TRL4-dependent and -independent. Nuclear factor (NF)-κB/p65 and intracellular reactive oxygen species (ROS) are important markers of the LPS-induced TRL4-dependent inflammation.[@CIT0012],[@CIT0013] Therefore, examination of the anti-inflammatory effects of linagliptin on inflammation induction from TRL4 using NF-κB/p65 and ROS as markers is important to elucidate the anti-inflammatory mechanisms of linagliptin.

In this study, we aimed to elucidate the anti-inflammatory mechanisms of linagliptin in an experimental model of LBP in human U937 monocytes. Furthermore, we compared the anti-inflammatory effects of linagliptin with those of sitagliptin (another DPP-4 inhibitor) and loxoprofen sodium salt dihydrate (Loxo; a representative anti-inflammatory drug).

Materials And Methods {#S0003}
=====================

Human U937 monocytes (EC85011440) were commercially purchased from the European Collection of Animal Cell Culture, UK. Moreover, we used linagliptin compounds, FBS, LPS, phorbol 12-myristate 13-acetate, and Roswell Park Memorial Institute medium (RPMI 1640), as described in our previous study.[@CIT0007] Sitagliptin was obtained from Santa Cruz Biotechnology, Inc. (Bergheimer, Heidelberg, Germany), and Loxo was obtained from Wako Pure Chemical Industries Ltd. (Osaka, Japan).

Briefly, cells were cultured in the presence of RPMI 1640 containing 10% FBS, as previously described.[@CIT0007] The passage number of U937 in this study ranged from two to five. Cells were evaluated in duplicate, and each experiment was repeated three times.

Drug Treatment {#S0003-S2001}
--------------

After 48 hrs of culture, we replaced the medium, and cells were then left untreated or were pretreated with 100, 250, 500, or 2500 nM linagliptin; 500 nM sitagliptin; or 570 μM Loxo for 1 hr. The medium was replaced again, and the cells were left untreated or treated with 1 ng/mL LPS only or in combination with 100, 250, 500, or 2500 nM linagliptin; 500 nM sitagliptin; or 570 μM Loxo. Inflammatory responses in U937 cells were sufficiently induced by 1 ng/mL LPS. The medium was collected and used to examine interleukin (IL)-6 and LBP levels at 5 hrs after drug treatment, NF-κB/p65 levels at 2 hrs after drug treatment, and ROS at 15 mins after drug treatment.

Measurement Of IL-6 In The Medium {#S0003-S2002}
---------------------------------

IL-6 levels were measured using a Human IL-6 Quantikine enzyme-linked immunosorbent assay (ELISA) kit (Bio-Techne-R&D Systems Inc., Minneapolis, MN, USA) employing a sandwich-type immunoassay, as previously described.[@CIT0007] After pipetting the reference standard and samples into the wells of the microplate, which was precoated with monoclonal antibodies for human IL-6, the immobilized antibody bound to any IL-6 present. Any unbound substances were washed away, and enzyme-linked polyclonal antibodies were added. After washing, a substrate solution was added to detect the amount of IL-6 bound. After adding the stop solution, the color intensity was measured, and the absorbance was examined at 450 nm using a Spectra Max 340 pc (Molecular Devices Co., CA, USA). The results were reported as the amount of IL-6 protein in 1 mL supernatant.

Measurement Of Intranuclear NF-κB/p65 {#S0003-S2003}
-------------------------------------

Two hours after drug treatment, we harvested the cells and extracted the nuclei using a Nuclear/Cytosol Fractionation Kit (BioVision Inc., Milpitas, CA, USA). We used an NF-κB p65 (Total) Human InstantOne ELISA Kit (Thermo Fisher Scientific, Waltham, MA, USA) with a sandwich ELISA protocol for quantitative determination of intranuclear p65 levels. Free p65 binding with the anti-p65 primary antibody-coated plate was determined using horseradish peroxidase-conjugated secondary p65 antibodies, and colorimetric detection of the amount of bound p65 was performed at 450 nm (Spectramax, CA, USA). Intranuclear NF-κB/p65 levels were expressed as the absorbance in transcription factor activity assays of NF-κB/p65 per 1 μg protein in nuclear extracts.

Measurement Of Intracellular ROS {#S0003-S2004}
--------------------------------

We evaluated intracellular ROS formation using 5-(and-6)-chloromethyl-2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (CM-H2DCF-DA; Molecular Probes, Eugene, OR, USA). After uptake in cells, intracellular esterases modify CM-H2DCF-DA to 2ʹ,7ʹ-dichlorofluorescein and intracellular ROS and then oxidize fluorescent 2ʹ,7ʹ-dichlorofluorescein. After dissolving CM-H2DCF-DA in dimethyl sulfoxide, the cells were incubated with 7 μM CM-H2DCF-DA for 15 mins and washed with heated phosphate-buffered isotonic sodium. The intensity of fluorescence was measured on a plate reader (Berthold Technologies; excitation wavelength: 488 nm, measuring wavelength: 525 nm). Intracellular ROS was expressed as the fluorescence intensity per 1 μg intracellular protein.

Measurement Of LBP In The Medium {#S0003-S2005}
--------------------------------

For analysis of LBP levels in the medium, we harvested cells and quantified LBP levels in the extracted cell medium. We measured LBP levels using a solid-phase ELISA kit (HK503; Hycult Biotech Inc.). We incubated samples and standards in microtiter wells coated with anti-LBP antibodies. After binding of the captured LBP with a biotinylated tracer and binding the biotinylated tracer with a streptavidin--peroxidase conjugate, the reaction of the streptavidin--peroxidase conjugate and the substrate tetramethylbenzidine was stopped by the addition of oxalic acid. The absorbance was detected at 450 nm (Spectramax).

Statistical Analysis {#S0003-S2006}
--------------------

JMP (version 10) statistical software (SAS Institute, Cary, NC, USA) was used. All data were reported as means ± standard errors. Results for various treatments were compared with those for the untreated control and LPS-only groups using one-way analysis of variance and Dunnett's tests. Differences with P values of less than 0.05 were considered significant.

Results {#S0004}
=======

Effects Of Linagliptin On LPS-Induced IL-6 Levels {#S0004-S2001}
-------------------------------------------------

IL-6 levels did not differ compared with those in the untreated control (6.0 ± 1.0 pg/mL) after treatment with various concentrations of linagliptin. In addition, following treatment with LPS, IL-6 levels were significantly increased (56.8 ± 5.1 pg/mL) compared with that in the control (P \< 0.0001). Importantly, linagliptin suppressed LPS-induced IL-6 levels in a concentration-dependent manner (250 nM: 39.8 ± 9.0 pg/mL, P \< 0.05; 500 nM: 30.6 ± 4.8 pg/mL, P \< 0.01; 2500 nM: 12.2 ± 2.7 pg/mL; [Figure 1](#F0001){ref-type="fig"}).Figure 1Effects of linagliptin on interleukin (IL)-6 induced by lipopolysaccharide (LPS). Human U937 monocytes were treated with LPS and/or linagliptin, and IL-6 levels in the supernatant were evaluated. \**p* \< 0.0001 versus the control; †*p* \< 0.05 versus LPS; ††*p* \< 0.01 versus LPS.**Abbreviation:** Lina, linagliptin.

Effects Of Linagliptin, Sitagliptin, And Loxo On LPS-Induced IL-6 Levels {#S0004-S2002}
------------------------------------------------------------------------

The maximum blood concentrations of linagliptin and Loxo in the protein binding state (500 nM and 570 μM, respectively) were chosen for these experiments. The concentration of sitagliptin was adjusted to be the same as that of linagliptin.

Linagliptin, sitagliptin, and Loxo prevented LPS-induced IL-6 upregulation, and IL-6 levels were significantly decreased by linagliptin (30.6 ± 4.8 pg/mL; P \< 0.05) and Loxo (2.0 ± 0.5 pg/mL; P \< 0.01; [Figure 2](#F0002){ref-type="fig"}).Figure 2Effects of linagliptin, sitagliptin, and loxoprofen sodium salt dehydrate (Loxo) treatment on LPS-induced IL-6 production. Human U937 monocytes were treated with LPS and/or linagliptin, sitagliptin, or Loxo, and IL-6 levels in the supernatant were evaluated. \**p* \< 0.0001 versus the control; †*p* \< 0.05 versus LPS; ††*p* \< 0.01 versus LPS.**Abbreviations:** Lina, linagliptin; Sita, sitagliptin; Loxo, loxoprofen sodium salt dehydrate.

Effects Of Linagliptin On LPS-Induced Intranuclear NF-κB/p65 Levels {#S0004-S2003}
-------------------------------------------------------------------

Intranuclear NF-κB/p65 levels were increased by treatment with LPS alone (175.5 ± 13.2 optical density/μg protein) compared with those in control cells (63.8 ± 9.7 optical density/μg protein; P \< 0.001). Linagliptin significantly inhibited the LPS-stimulated increase in intranuclear NF-κB/p65 levels in a concentration-dependent manner (100 nM: 122.5 ± 11.0 optical density/μg protein, P \< 0.01; 250 nM: 96.3 ± 10.8 optical density/μg protein, P \< 0.01; 500 nM: 89.3 ± 21.4 optical density/μg protein, P \< 0.01; 2500 nM: 49.9 ± 9.3 optical density/μg protein, P \< 0.01; [Figure 3](#F0003){ref-type="fig"}).Figure 3Effects of linagliptin on LPS-induced intranuclear nuclear factor-κB (NF-κB)/p65 levels. Human U937 monocytes were treated with LPS and/or linagliptin, and intranuclear NF-κB/p65 levels were determined. \**p* \< 0.001 versus the control; †*p* \< 0.01 versus LPS.**Abbreviation:** Lina, linagliptin.

Effects Of Linagliptin On Intracellular ROS Levels Induced By LPS {#S0004-S2004}
-----------------------------------------------------------------

Intracellular ROS levels were significantly increased by LPS alone (1.5 ± 0.2 fluorescence intensity/μg protein) compared with those in control cells (2.6 ± 0.3 fluorescence intensity/μg protein). At all concentrations, linagliptin inhibited LPS-induced intracellular ROS levels in a concentration-independent manner (100 nM: 1.5 ± 1.2 fluorescence intensity/μg protein, P \< 0.05; 250 nM: 1.3 ± 0.2 fluorescence intensity/μg protein, P \< 0.05; 500 nM: 1.4 ± 0.1 fluorescence intensity/μg protein, P \< 0.05; 2500 nM: 1.5 ± 0.2 fluorescence intensity/μg protein, P \< 0.05; [Figure 4](#F0004){ref-type="fig"}).Figure 4Effects of linagliptin on intracellular reactive oxygen species (ROS) induced by LPS. Human U937 monocytes were treated with LPS and/or linagliptin, and intracellular ROS levels were determined. \**p* \< 0.05 versus the control; †*p* \< 0.05 versus LPS.**Abbreviation:** Lina, linagliptin.

Effects Of Linagliptin On LBP {#S0004-S2005}
-----------------------------

LBP levels were higher in medium containing FBS (73.5 ± 0.8 ng/mL) than in medium without FBS (0 ng/mL). LBP levels did not change, regardless of administration of linagliptin and/or LPS ([Figure 5](#F0005){ref-type="fig"}).Figure 5Effects of linagliptin on LPS-binding protein (LBP). Human U937 monocytes were treated with fetal bovine serum (FBS), LPS, and/or linagliptin, and LBP levels in medium were measured.**Abbreviation:** Lina, linagliptin.

Discussion {#S0005}
==========

In this study, induction of IL-6 and intranuclear p65 by LPS was significantly suppressed by linagliptin in a concentration-dependent manner in the presence of FBS in human U937 monocytes. Several concentrations treated by linagliptin had the first-order correlation against LPS mono on IL-6 levels in order of concentration of linagliptin (correlation coefficient; 0.6476, P\<0.0001). In contrast, linagliptin significantly inhibited LPS-induced intracellular ROS levels in a concentration-independent manner, similar to the results of IL-6 or tumor necrosis factor-α in the absence of FBS in our previous research.[@CIT0005],[@CIT0007] These results demonstrating the presence of concentration-dependent and -independent pathways suggest that linagliptin may induce two different anti-inflammatory mechanisms.

During the induction of inflammation by LPS, the mechanism induced by binding of LPS and TLR4 in the presence of LBP has been extensively studied. Additionally, the mechanism through which LPS binds to receptors other than TLR4 has also been reported.[@CIT0008]--[@CIT0011] Therefore, the mechanisms through which LPS induces inflammation may change according to the presence or absence of LBP, which may affect the anti-inflammatory effects of linagliptin. In this study, we confirmed the effects of LBP alone in the presence of FBS. Our findings suggested that the concentration dependence of the anti-inflammatory effects is related to differences in the mechanisms induced in the presence or absence of LBP. Indeed, the results of intracellular ROS sampled at an earlier time after administration of LPS and linagliptin did not show concentration dependence; moreover, these findings were observed rapidly and did not require 2--5 hrs, as is required for induction of the LPS/TLR4-dependent inflammatory mechanism (data not shown).

The maximum linagliptin concentrations in the serum of healthy and diabetic patients with no renal dysfunction were 7.32 and 16.7 nM, respectively, after single application of 5 mg linagliptin (Boehringer Ingelheim Pharmaceuticals, Inc. Tradjenta \[linagliptin\] tablets).[@CIT0014] Moreover, repeated application of 5 mg linagliptin in diabetic patients with a creatinine clearance of less than or equal to 30 mL/min increased the concentration to 22.6 nM.[@CIT0014] Therefore, the maximum linagliptin concentration in the serum in patients is estimated to be 5--50 nM. The protein binding rate of linagliptin is high, for instance up to 80%, even in the presence of a high maximum blood concentration.[@CIT0014] Therefore, we used 100--2500 nM linagliptin to measure changes in IL-6 and intranuclear NF-κB/p65 levels.

In our previous study, pretreatment of human umbilical endothelial cells with sitagliptin and Loxo inhibited LPS-induced inflammation.[@CIT0005],[@CIT0015] Additionally, in this study, sitagliptin suppressed inflammation in monocytes (although the difference was not significant). These experimental results indicated that sitagliptin had anti-inflammatory effects, even if the cell line was changed. Because both linagliptin and sitagliptin prevented inflammation, DPP-4 inhibitors may also exhibit anti-inflammatory effects because these inhibitors are in the same class of compounds. Notably, the anti-inflammatory effects of linagliptin were weaker than those of nonsteroidal anti-inflammatory drugs, a representative class of anti-inflammatory drugs.

As a limitation of this study, we could not examine whether increased IL-6 levels are due to production or secretion or whether increased intranuclear NF-κB/p65 levels are due to expression or nuclear translocation. Hereafter, further studies investigating quantitative polymerase chain reaction of Il-6 expression, intranuclear NFkB/p65 expression, and time-dependent ROS formation are necessary to elucidate the anti-inflammatory effect of linagliptin on TLR4-mediated or -unmediated inflammation. As the other limitation, we cannot investigate the anti-inflammatory mechanism of linagluptin by decreased prostaglandin E2 via suppression of p38 mitogen-activated protein kinase phosphorylation. In our previous studies, linagliptin inhibited lipopolysaccharide-stimulated p38 mitogen-activated protein kinase phosphorylation in human umbilical vein endothelial cells and decreased prostaglandin E2 in hemodialysis patients.[@CIT0005],[@CIT0016] Therefore, linagliptin may have anti-inflammatory mechanism by decreased prostaglandin E2 via suppression of p38 mitogen-activated protein kinase phosphorylation. Moreover, it is important to examine by distinguishing between membrane-bound and soluble. Soluble DPP4 is more important in immune regulation than membrane-bound DPP4 and the soluble DPP4 exert reducing inflammatory manner.[@CIT0017] In this in vitro study, culture medium are changed twice before linagliptin treatment. Therefore in this study, soluble DPP4 may be less involved compared to in vivo study.

Based on our findings in this study, we propose that linagliptin may induce two different anti-inflammatory mechanisms, although the specific molecular mechanisms of these effects are still not clear. In our previous study, we found that linagliptin inhibited inflammation via p38 mitogen-activated protein-kinase-dependent mechanisms stimulated by LPS.[@CIT0005] In this study, we investigated the anti-inflammatory mechanisms further upstream of linagliptin. The detailed mechanisms could not be fully elucidated. LPS binds to the complex of TLR4 and LBP. Our results here showed that LBP levels did not change, regardless of administration of linagliptin and/or LPS. Therefore, in the anti-inflammatory mechanism of linagliptin, it is unlikely that linagliptin inhibits the formation of the LBP, TLR4, and CD14 complex.

Conclusion {#S0006}
==========

Linagliptin inhibited LPS-induced inflammation, even in an experimental model including LBP in human U937 monocytes. Two mechanisms of inflammatory suppression were observed, i.e., concentration-dependent and -independent mechanisms. Overall, our findings provided important insights into the anti-inflammatory mechanisms of linagliptin.

Abbreviations {#S0007}
=============

LPS, lipopolysaccharide; LBP, LPS-binding protein; TLR, Toll-like receptor; FBS, fetal bovine serum; IL, Interleukin; NF, nuclear factor; ROS, reactive oxygen species; DPP-4, Dipeptidyl peptidase-4; Loxo, loxoprofen sodium salt dihydrate.
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